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Abstract
The successful operation of LHC provides a great opportunity to study the processes where heavy
baryons are involved. In this work we mainly study the weak transitions of Σb → Σc. Assuming
the reasonable quark-diquark structure where the two light quarks constitute an axial vector, we
calculate the widths of semi-leptonic decay Σb → Σceνe and non-leptonic decay modes Σb → Σc+M
(light mesons) in terms of the light front quark model. We first construct the vertex function for the
concerned baryons and then deduce the form factors which are related to two Isgur-Wise functions
for the Σb → Σc transition under the heavy quark limit. Our numerical results indicate that
Γ(Σb → Σceνe) is about 1.38 × 1010s−1 and Γ(Σb → Σc +M) is slightly below 1 × 1010s−1 which
may be accessed at the LHCb detector. By the flavor SU(3) symmetry we estimate the rates of
Ωb → Ωc. We suggest to measure weak decays of Ωb → Ωc, because Ωb does not decay via strong
interaction, the advantage is obvious.
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I. INTRODUCTION
In our previous work [1], we investigated the transitions between heavy baryons Λb → Λc
by assuming the baryonic heavy-quark-light-diquark structures in terms of the Light-Front-
Quark model (LFQM). The results are reasonably consistent with the available data, so it
implies that the whole scenario is realistic in that case, however still needs more studies
on its validity in other cases. As noticed that the ground state diquarks in Λb and Λc are
color-anti-triplet scalars. In this work, we continue to consider the transitions of Σb → Σc
because the ground state diquark in Σb(c) is an axial vector. We explore if the difference
of the diquark identities would result in distinct behaviors for the transitions and then by
comparing with data we are able to gain more insight about the diquark structure.
Thanks to the successful operation of LHC, a remarkable database on baryons, especially
on the heavy baryons will be available at LHCb. It enables researchers to closely study the
properties of heavy baryons at their production and decay processes.
Since the situation is confronting a radical change, more physicists are turning to concern
baryons and look for hints of new physics. For example, as the decay Σ → p µ+ µ− was
observed[2] the authors of Ref.[3, 4] studied contribution from new physics candidates by
analyzing the data. However, as it is well known when one explores possible new physics
scenario based on the data, he needs to fully understand the contribution of the standard
model (SM) i.e. before attributing the phenomena to new physics a complete analysis on
the SM contribution is necessary.
In this work we explore the weak transition of Σb → Σc. The dominant strong decay mode
Σb → Λb + π determines the lifetime of Σb, thus the weak decays of Σb are rare. However,
from another aspect, the rare decays of Σb may be more sensitive to new physics, so that it
is worth a careful study.
Supposing the factorization is valid, the transition between quarks would be fully de-
scribed by the perturbative theory and calculable, thus the main task for studying Σb → Σc
is to deal with the hadronic transition matrix element. The hadronic matrix elements are
determined by non-perturbative QCD and are generally parameterized by some form fac-
tors which can be reduced into a few equivalent Isgur-Wise functions under the heavy quark
limit[5]. Some authors [6–10] calculated the form factors of the transition Σb → Σc in various
approaches.
The quark-diquark structure that heavy baryons are made of a heavy quark and a light
diquark[11–13] is generally considered as a reasonable physics picture for heavy baryons.
With the quark-diquark structure the authors of Refs.[1, 6, 7, 14] evaluated the transition
rates between heavy baryons and their results are consistent with the available data. It is
noted that the diquark stands as a spectator in the transition of Σb → Σc, so that under
the heavy quark limit, the spin of light diquark decouples and we may evaluate the rates
of the corresponding rare decays in terms of the Isgur-Wise functions. A general analysis
suggests that there exist many Isgur-Wise-type functions for a transition between baryons
[15] and usually it would be hard to determine them by fitting data. However, with the
quark-diquark structure, the number of such functions for the transition Σb → Σc reduces
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into only two.
The light-front quark model (LFQM) is a relativistic quark model which has been applied
to study transitions among mesons and the results agree with the data within reasonable
error tolerance [16–24], thus we would be tempted to extend its application to calculate the
transition of Σb → Σc as long as the diquark picture is employed. In Ref.[1] we calculated
the transition of Λb → Λc in terms of LFQM. In that work we first constructed the vertex
function of Λb(c) and then deduced the form factors for the transition. However the formulas
in [1] do not apply to the decay Σb → Σc because the diquark in Λb(c) is a scalar of color-
anti-triplet, but that in Σb(c) is an axial vector as discussed in Refs.[6, 7]. Thus we need
to re-construct the vertex function for a 1
2
+
heavy baryon which is regarded as a bound
state of a heavy quark and a light axial vector diquark. Then with the vertex functions of
baryons we would derive the transition matrix element which are parametrized by a few form
factors, and under the heavy quark limit, we will show that the transition matrix element of
Σb → Σc can be described by two generalized Isgur-Wise functions. Numerically the results
obtained in the two approaches are rather close, so it implies that the employed approaches
are reasonably consistent with the physical picture.
Since the leptons do not participate in the strong interaction, the semileptonic decay
is simple and less contaminated by the non-perturbative QCD effect, therefore study on
semileptonic decay might help to test the employed model and/or constrain the model pa-
rameters. With the form factors we evaluate the width of the semileptonic decay. Comparing
our numerical result with data the model parameters which are hidden in the vertex func-
tions can be fixed. Moreover, the amplitude of the non-leptonic decay Σb → Σc +M can
also be evaluated in a similar way as long as we suppose that the meson current can be
factorized out. Moreover, we further investigate the transitions of Ωb → Ωc by assuming the
flavor SU(3) symmetry. Since Ωb does not decay via strong interaction, the weak decays are
dominant, so that study on such modes has an obvious advantage.
This paper is organized as follows: after the introduction, in section II we construct the
vertex functions of heavy baryons, then derive the form factors for the transition Σb → Σc in
the light-front quark model, then we present our numerical results for the transition Σb → Σc
along with all necessary input parameters in section III, then we also evaluate the transition
of Ωb → Ωc. Section IV is devoted to our conclusion and discussions.
II. Σb → Σc IN THE LIGHT-FRONT QUARK MODEL
By the quark-diquark structure[6, 7], the heavy baryon Σb(c) consists of a light 1
+ diquark
[ud] and one heavy quark b(c). To insure the quantum number of Σb(c), the orbital angular
momentum between the two components is zero, i.e. l = 0.
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A. the vertex function of Σb(c)
In analog to our previous work [1], we construct the vertex function of ΣQ (Q = b, c)
where the diquark is an axial vector in the same model. The wavefunction of ΣQ with total
spin S = 1/2 and momentum P is
|ΣQ(P, S, Sz)〉 =
∫
{d3p˜1}{d3p˜2} 2(2π)3δ3(P˜ − p˜1 − p˜2)
×∑
λ1
ΨSSz(p˜1, p˜2, λ1)C
α
βγF
bc | Qα(p1, λ1)[qβ1bqγ2c](p2)〉, (1)
with
ΨSSz(p˜1, p˜2, λ1, λ2) =
〈
λ1
∣∣∣R†M (x1, k1⊥, m1)∣∣∣ s1〉 〈λ2 ∣∣∣R†M(x2, k2⊥, m2)∣∣∣ s2〉〈
1
2
s1; 1s2
∣∣∣∣12Sz
〉
ϕ(x, k⊥) ,
where 〈1
2
s1; 1s2|12Sz〉 is the C-G coefficients and s1, s2 are the spin projections of the con-
stituents (the heavy quark and diquark). A Melosh transformation brings the the matrix
elements from the spin-projection-on-fixed-axes representation into the helicity representa-
tion and is explicitly written as〈
λ2
∣∣∣R†M (x2, k2⊥, m2)∣∣∣ s2〉 = ξ∗(λ1, m2) · ξ(s2, m2),
and 〈
λ1
∣∣∣R†M(x1, k1⊥, m1)∣∣∣ s1〉 = u¯(k1, λ1)u(k1, s1)2m1 .
Following Refs. [16, 19], the Melosh transformed matrix can be expressed as
〈
λ2
∣∣∣R†M(x2, k2⊥, m2)∣∣∣ s2〉 〈λ1 ∣∣∣R†M (x1, k1⊥, m1)∣∣∣ s1〉
〈
1
2
s1; 1s2
∣∣∣∣12Sz
〉
=
1√
2(p1 · P¯ +m1M0)
u¯(p1, λ1)Γu(P¯ , Sz), (2)
where
Γ = − 1√
3
γ5ε
∗/ (p2, λ2), m1 = mQ, m2 = m[ud], P¯ = p1 + p2, (3)
and
ϕ(x, k⊥) = Aφ, (4)
with φ = 4( pi
β2
)3/4 e1e2
x1x2M0
exp(−k
2
2β2
) and A =
√
12(M0m1+p1·P¯ )
12M0m1+4p1P¯+8p1·p2p2·P¯ /m22
which can be obtained
by normalizing the state |ΣQ(P, S, Sz)〉 ,
〈ΣQ(P ′, S ′, S ′z)|ΣQ(P, S, Sz)〉 = 2(2π)3P+δ3(P˜ ′ − P˜ )δS′SδS′zSz . (5)
All other notations can be found in Ref.[1].
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⊗Σb Σc
b c
[ud]
FIG. 1: Feynman diagram for Σb → Σc transitions, where
⊗
denotes V −A current vertex.
B. Σb → Σc transition form factors
The lowest order Feynman diagram for the Σb → Σc weak decay is shown in Fig. 1.
Using the wavefunction for | ΣQ(P, S, Sz)〉, we obtain
〈ΣQ′(P ′, S ′z) | Q¯′γµ(1− γ5)Q | ΣQ(P, Sz)〉
=
∫
{d3p˜2}
φ∗ΣQ′ (x
′, k′⊥)φΣQ(x, k⊥)
2
√
p+1 p
′+
1 (p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
×u¯(P¯ ′, S ′z)Γ¯′(p1/′ +m′1)γµ(1− γ5)(p1/ +m1)Γu(P¯ , Sz), (6)
where
Γ¯′ = γ0Γ
′γ0,
m1 = mb, m
′
1 = mc, m2 = m[ud], (7)
and Q(Q′) represent b(c) quark, p1(p
′
1) is its momentum and P (P
′) denotes the momentum
of initial (final) baryon. From p˜2 = p˜
′
2, we have
x′ =
P+
P ′+
x, k′⊥ = k⊥ + x2q⊥. (8)
with x = x2, x
′ = x′2. Thus, Eq. (6) is rewritten as
〈ΣQ′(P ′, S ′z) | Q¯′γµ(1− γ5)Q | ΣQ(P, Sz)〉
=
∫
dxd2k⊥
2(2π)3
φΣQ′ (x
′, k′⊥)φΣQ(x, k⊥)
2
√
x1x′1(p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
×u¯(P¯ ′, S ′z)[
1√
3
γ5ε(λ
′
2)
∗](p1/
′ +m′1)γ
µ(1− γ5)(p1/+m1)[ 1√
3
γ5ε(λ2)]u(P¯ , Sz). (9)
The form factors for the weak transition ΣQ → ΣQ′ are defined in the standard way as
〈ΣQ′(P ′, S ′, S ′z) | Q¯′γµ(1− γ5)Q | ΣQ(P, S, Sz)〉
= u¯ΣQ′ (P
′, S ′z)
[
γµf1(q
2) + iσµν
qν
MΣQ
f2(q
2) +
qµ
MΣQ
f3(q
2)
]
uΣQ(P, Sz)
−u¯ΣQ′ (P ′, S ′z)
[
γµg1(q
2) + iσµν
qν
MΣQ
g2(q
2) +
qµ
MΣQ
g3(q
2)
]
γ5uΣQ(P, Sz). (10)
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where q ≡ P − P ′, Q and Q′ denote b and c, respectively. Since S = S ′ = 1/2, we will be
able to write | ΣQ(P, S, S ′z)〉 as | ΣQ(P, Sz)〉.
Following[1, 25], we extract the form factors for the weak transition matrix elements of
Σb → Σc as
f1(q
2) =
1
8P+P ′+
∫ dx2d2k2⊥
2(2π)3
φ′∗00(x
′, k′⊥)φ00(x, k⊥)
6
√
x1x
′
1(p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr[(P¯/+M0)γ
+(P¯ ′/+M ′0)γ5γa(p1/
′ +m′1)γ
+(p1/+m1)γ5γb](
pa2p
b
2
m22
− gab)
g1(q
2) =
1
8P+P ′+
∫ dx2d2k2⊥
2(2π)3
φ′∗00(x
′, k′⊥)φ00(x, k⊥)
6
√
x1x
′
1(p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr[(P¯/+M0)γ
+γ5(P¯ ′/+M
′
0)γ5γa(p1/
′ +m′1)γ
+γ5(p1/+m1)γ5γb](
pa2p
b
2
m22
− gab)
f2(q
2)
MΛQ
= − 1
8P+P ′+qi⊥
∫ dx2d2k2⊥
2(2π)3
φ′∗00(x
′, k′⊥)φ00(x, k⊥)
6
√
x1x
′
1(p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr[(P¯/+M0)σ
i+(P¯ ′/+M ′0)γ5γa(p1/
′ +m′1)γ
+(p1/+m1)γ5γb](
pa2p
b
2
m22
− gab)
g2(q
2)
MΛQ
=
1
8P+P ′+qi⊥
∫
dx2d
2k2⊥
2(2π)3
φ′∗00(x
′, k′⊥)φ00(x, k⊥)
6
√
x1x
′
1(p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr[(P¯/+M0)σ
i+γ5(P¯ ′/+M
′
0)γ5γa(p1/
′ +m′1)γ
+γ5(p1/+m1)γ5γb](
pa2p
b
2
m22
− gab). (11)
with i = 1, 2. The traces can be worked out straightforwardly and all the details can be
found in Ref.[1].
C. Isgur-Wise functions of the transition
As well known under the heavy quark limit (mQ → ∞)[26], the six form factors fi, gi
(i=1,2,3) are no longer independent, but are related to each other by an extra symmetry.
Thus the matrix elements are determined by two universal Isgur-Wise functions ξ1(v ·v′) and
ξ2(v · v′).
The generalized Isgur-Wise functions in the ΣQ → ΣQ′ transition are defined through the
following expression
< ΣQ′(v
′, S ′z) | Q¯′v′γµ(1− γ5)Qv | ΣQ(v, Sz) >
=
1
3
[gαβξ1(ω)− vαv′βξ2(ω)]u¯(v′, S ′z)γ5(γα + v′α)γµ(1− γ5)(γβ + vβ)γ5u(v, Sz), (12)
where ω ≡ v · v′. In fact, as we re-calculate the transition matrix elements under the heavy
quark limit, one can easily obtain a new expression corresponding to Eq.(9) where there are
six independent form factors.
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As discussed in Ref.[1] with a replacements in the heavy quark effective theory (HQET)
| ΣQ(P, Sz)〉 →
√
MΣQ | ΣQ(v, Sz)〉,
u(P¯ , Sz) → √mQu(v, Sz)
φΣQ(x, k⊥) →
√
mQ
X
Φ(X, k⊥), (13)
and
MΣQ → mQ, M0 → mQ,
e1 → mQ,
e2 → v · p2 = m
2
2 + k
2
⊥ +X
2
2X
,
~k2 → (v · p2)2 −m22,
p1/ +m1 → mQ(v/+ 1)
e1e2
x1x2M0
→ mQ
X
(v · p2), (14)
we are able to re-formulate the transition form factors obtained in the previous section under
the heavy quark limit.
The matrix element of the transition ΣQ → ΣQ′ is then
〈ΣQ′(v′, S ′z) | Q¯′v′γµ(1− γ5)Qv | ΣQ(v, Sz)〉
= −
∫
dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1
3
u¯(v′, S ′z)γ5(γα + v
′
α)γ
µ(1− γ5)
(γβ + v
′
β)γ5u(v, Sz)(
pα2p
β
2
m22
− gαβ), (15)
with
Φ(X, k⊥) =
√
24
16 + 8v · p22/m22
4
√
v · p2
(
π
β2∞
) 3
4
exp
(
−(v · p2)
2 −m22
2β2∞
)
, (16)
where β∞ denotes the value of β in the heavy quark limit.
Thus we can write down the transition matrix element as
< ΣQ′(v
′, S ′z) | Q¯′v′γµ(1− γ5)Qv | ΣQ(v, Sz) >
= −
∫
dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1
3
u¯(v′, S ′z)γ5(γα + v
′
α)γ
µ(1− γ5)
(γβ + v
′
β)γ5u(v, Sz)(a1g
αβ + a2v
αv′β + a3v
′αvβ + a4v
′αv′β + a5v
αvβ). (17)
By the relation u¯′γ5(v
′/+1) = (v/+1)γ5u = 0, the terms with a3, a4 and a5 do not contribute
to the transition, thus
< ΣQ′(v
′, S ′z) | Q¯′v′γµ(1− γ5)Qv | ΣQ(v, Sz) >
= −
∫
dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1
3
u¯(v′, S ′z)γ5(γα + v
′
α)γ
µ(1− γ5)
(γβ + v
′
β)γ5u(v, Sz)(a1g
αβ + a2v
αv′β), (18)
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TABLE I: Quark mass and the parameter β (in units of GeV).
mc mb m[ud] βc[ud] βb[ud]
1.3 4.4 0.77 0.45 0.50
and
a1 = −(w
2 − 1)p22 + 2v · p2v′ · p2ω − (v′ · p2)2 − (v · p2)2
2m22(ω
2 − 1)
a2 = −ω(ω
2 − 1)p22 − 2v · p2v′ · p2(2ω2 + 1) + 3ω[(v′ · p2)2 + (v · p2)2]
2m22(ω
2 − 1)2 (19)
Comparing Eq.(22) with Eq. (12), we get
ξ1 = −
∫ dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)a1, (20)
ξ2 =
∫ dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)a2. (21)
The forms of ξ1 and ξ2 are similar to that in Eq.(4.18) and Eq. (4.19) of Ref.[25] and can be
directly evaluated in the time-like region by choosing a reference frame where q⊥ = 0.
III. NUMERICAL RESULTS
In this section we present our numerical results for the transition Σb → Σc along with all
input parameters. First we need to obtain the form factors, then using them the predictions
on semi-leptonic processes Σb → Σclν¯l and non-leptonic decays Σb → ΣcM− (M represents
π, K, ρ, K∗, a1 etc.) will be made.
First of all, let us list our input parameters. The baryon masses MΣb = 5.807 GeV,
MΣc = 2.452 GeV are taken from[27]. For the heavy quark masses, we set mb and mc
following Ref.[19]. In the early literature, the mass of the constituent light axial vector
diquark m[ud] disperses in a rather wide range, for example, it is set as: 614-618 MeV[28],
770 MeV[6] , 909 MeV[7]. In [1] we fixed the scalar diquark mass as m[ud]
S
= 500 MeV.
Generally an axial vector should be slightly heavier than a scalar with the same constituents,
so we set m[ud]
V
= 770 MeV. Since the [ud] diquark mass is close to the mass of a strange
quark, we may assume that the parameters βb[ud] and βc[ud] should be close to βbs¯ and βcs¯
which appear in the meson case[19]. All the input parameters are collected in Table I.
A. Σb → Σc form factors and the Isgur-Wise functions
As discussed in Ref.[19] the form factors are calculated in the frame q+ = 0 with q2 =
−q2⊥ ≤ 0 (the space-like region). To extended them into the time-like region, an analytic
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TABLE II: The Σb → Σc form factors given in the three-parameter form.
F F (0) a b
f1 0.4664 2.32 3.40
f2 0.7358 2.08 2.08
g1 -0.1298 1.15 0.42
g2 -0.08977 1.11 1.07
0 2 4 6 8 10
0.0
0.4
0.8
1.2
1.6
2.0
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 -g2
 
 
 
q2
(b)
f 2
 a
nd
 g
2
0 2 4 6 8 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 f1
 -g1
 
 
 
q2(a)
f 1
 a
nd
 g
1
FIG. 2: (a) Form factors f1 and g1 (b) Form factors f2 and g2
three-parameter form was suggested [25]
F (q2) =
F (0)(
1− q2
M2
Σb
)[
1− a
(
q2
M2
Σb
)
+ b
(
q2
M2
Σb
)2] , (22)
where F (q2) stands for the form factors f1,2 and g1,2. a, b and F (0) in F (q
2) are parameters
which need to be fixed using the form factors in the space-like region we calculate numerically.
This form can be automatically extended into the time-like, i.e. physical region with q2 ≥ 0.
The fitted values of a, b and F (0) in the form factors f1,2 and g1,2 are presented in Table II.
The dependence of the form factors on q2 is depicted in Fig. 2.
The values shown in Table II and Fig. 2 indicate that the form factor g1 and g2 are small
compared with f1 and f2 and f1(f2) and g1(g2) have opposite signs, this is similar to the
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case of Θb → Θc [25].
Now let us turn to re-calculate the transition amplitude in the HQET. In the heavy quark
limit, we choose β∞ = 0.50 GeV for Σb and Σc. The Isgur-Wise function is parameterized
as
ξ(ω) = 1− ρ2(ω − 1) + σ
2
2
(ω − 1)2 + ..., (23)
where ρ2 ≡ −dζ(ω)
dω
|ω=1 is the slope parameter and σ2 ≡ d2ζ(ω)dω2 |ω=1 is the curvature of the
Isgur-Wise function. Our fitted values are
ξ1 = 1− 2.09(ω − 1) + 1.84(ω − 1)2 (24)
ξ2 = 0.42[1− 2.79(ω − 1) + 3.09(ω − 1)2]. (25)
The Isgur-Wise functions in the whole ω range is depicted in Fig. 3. One can notice
that ξ1(ω = 1) = 1 holds as required by the normalization of the Isgur-Wise function. Even
though, as indicated in literature, ξ2(ω = 1) is unknown, at the largeNC limit it is determined
to be 1/2[29] and other early model-dependent studies also confirm this prediction[30].
It is worth indicating clearly that under the heavy quark limit, i.e. MQ →∞, the mass of
heavy quark disappears in the wavefunction (20), but the light constituent mass (anti-quark
for meson case and diquark for baryon case) remains. Therefore the theoretical evaluation
on the transition rate weakly depends on the light constituent mass even under the heavy
quark limit.
From Fig. 3, we observe that ξ2|ω=1 = 0.42 which is slightly lower than 1/2. This
deviation is due to the mass mdiquark in the assumed wavefunction (see Eq.(21)). To further
explore the dependence, we deliberately vary m[ud]V , βb[ud] and βc[ud]. We find that ξ1 does
not change at all, but the intercept ξ2(ω = 1) changes for different values of m[ud]V , βb[ud] and
βc[ud]. For example, as ξ1 = 1 and ξ2 = 0.47 when one sets m[ud]V = 0.5 GeV, βb[ud] = 0.4 and
βc[ud] = 0.35. Definitely non-zeromdiquark breaks the heavy quark symmetry SUf(2)⊗SUs(2),
but the violation is still rather small, so that one can use the simplified expression with only
two Isgur-Wise functions to approach the transition matrix elements.
B. Semi-leptonic decay of Σb → Σc + lν¯l
With the form factors given in last subsection, we are able to calculate the width of
Σb → Σclν¯l.
In table III we list our numerical results. The predictions are presented for two cases:
with and without taking the heavy quark limit.
It is also interesting to study the longitudinal and transverse helicity amplitudes HV,Aλ′,λW
where λ′ and λW are the helicities of the daughter baryon and the emitted W-boson respec-
tively, since it may provide more information about the model and even the whole framework.
Moreover, several asymmetry parameters aL, aT and PL are defined in earlier literature and
in this work for readers’ convenience we explicitly present them in the appendix. A ratio of
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FIG. 3: The Σb → Σc Isgur-Wise function ζ(ω) with diquark mass m[ud]V = 770 MeV.
TABLE III: The widths (in unit 1010s−1) and polarization asymmetries of Σb → Σclν¯l .
width aL aT ΓL ΓT R PL
this worka 1.38 0.715 -0.893 1.06 0.32 3.25 0.337
this workb 1.60 0.706 -0.966 1.09 0.51 2.13 0.171
spectator-quark modela [8] 4.3 - - 3.93 0.37 10.7 -
relativistic quark modelb[7] 1.44 - - 1.23 0.21 5.89 -
the Bethe-Salpeter approachb[10] 1.65 - - - - - -
relativistic three-quark modelb[9] 2.23 - - 1.90 0.33 5.76 -
a without the heavy quark limit
bwith the heavy quark limit
longitudinal to transverse rates R is also defined (see the appendix too), and R > 1 implies
that the longitudinal polarization dominates. Because the values of such asymmetries are
more sensitive to the details of the employed models, comparing the theoretical predictions
on them with the data which will be available soon at LHC as expected, can help to gain a
better understanding of the models.
In Tab.III the predictions achieved with other approaches [7] are also presented. One
notices from Tab.III that there is an obvious discrepancy between predictions on the semi-
leptonic decay widths and R values estimated by different models. The future experimental
measurements would provide a chance to test the applicability of different approaches.
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TABLE IV: widths (in unit 1010s−1) and up-down asymmetries of non-leptonic decays Σb → ΣcM
with the light diquark mass m[ud] = 500 MeV.
without the heavy quark limit with the heavy quark limit
width α width α
Σ0b → Σ+c pi− 0.140 0.514 0.146 0.556
Σ0b → Σ+c ρ− 0.166 −0.653 0.0907 −0.785
Σ0b → Σ+c K− 0.0115 0.510 0.0118 0.548
Σ0b → Σ+c K∗− 0.00864 −0.629 0.00471 −0.750
Σ0b → Σ+c a−1 0.163 −0.551 0.0880 −0.646
Σ0b → Σ+c D−s 0.796 0.379 0.655 0.425
Σ0b → Σ+c D∗−s 0.292 −0.302 0.152 −0.317
Σ0b → Σ+c D− 0.0266 0.408 0.0242 0.440
Σ0b → Σ+c D∗− 0.0137 −0.331 0.00694 −0.356
C. Non-leptonic decays of Σb → Σc +M
From the theoretical aspects, calculating the concerned quantities of the non-leptonic
decays seem to be much more complicated than the semi-leptonic ones. Our theoretical
framework is based on the factorization assumption, namely the hadronic transition matrix
element is factorized into a product of two independent matrix elements of currents. One
of them is determined by a decay constant whereas the other is decomposed into a sum of
a few terms according to the Lorentz structure of the current and their coefficients are the
to-be-determined form factors. The decays Σ0b → Σc +M− is the so-called color-favored
transition, thus and factorization should be a good approximation. Therefore, the study on
these non-leptonic decays can be a check of the consistency of the obtained form factors in
the heavy bottomed baryon system.
The formulas of the decay rates for non-leptonic decays Σb → Σc+M in the factorization
approach are given in Ref.[31] and collected in our previous paper [1] . Our numerical results
are shown in Tab.IV. The CKM matrix elements, the effective Wilson coefficient a1 = 1 and
the meson decay constants are the same as in Ref.[1].
IV. Two comments are made:
(1) The ratio
BR(Σ0
b
→Σ+c l
−ν¯l)
BR(Σ0
b
→Σ+c pi−)
is 11.4 which will be experimentally tested.
(2)The up-down asymmetry α for Σb → ΣcV is negative but that for Σb → ΣcP is positive
where α is defined in the appendix .
D. Estimate on the transition of Ωb → Ωc
Though we focus on the transition of Σb → Σc in this work, the formulas deduced in
section II can be applied to calculate the transition between the 1
2
+
baryons such as Ωb
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TABLE V: Various theoretical predictions on the rates Ωb → Ωceν and Σb → Σceν (in unit 1010s−1)
Decay [7] [8] [9] [10]
Σb → Σceν 1.44 4.3 2.23 1.65
Ωb → Ωceν 1.29 5.4 1.87 1.81
and Ωc whose structure is analogous to Σb(c) in the quark-diquark picture i.e. the diquark
is an axial vector. Since the light diquark is regarded as a spectator, under the SU(3)
symmetry of light quarks the predictions on the decay rates of Σb → Σc hold for Ωb → Ωc
approximatively. As Ωb decays via only weak interaction the branching ratios of Ωb → Ωc
should be dominant, so that these decays can be detected more easily. Undoubtedly, since
the SU(3) symmetry is slightly broken, different input parameters would bring up minor
differences for the numerical results of Ωb → Ωc from Σb → Σc, but the deviation should be
relatively small, and the allegation is supported by some theoretical studies which compare
the width of Ωb → Ωceν with Σb → Σceν (Tab. V).
IV. CONCLUSIONS AND DISCUSSIONS
In this paper, we extensively explore the Σb → Σc transition in all details and estimate
the widths for the semi-leptonic decay and non-leptonic two-body decays of Σb → Σc as well
as several relevant measurable quantities. For the heavy baryons the quark-diquark picture
is employed, which reduces the three-body structure into a two-body one.
The matrix elements of the transition Σb → Σc can be parameterized with a few form
factors fi and gi (i = 1, 2, 3) according to the Lorentz structures, and we obtain these form
factors by calculating the transition Σb → Σc in the LFQM and evaluate them numerically.
The form factors f1 and f2 for Σb → Σc are much larger than g1 and g2, it is noted that
f1(f2) and g1(g2) have opposite signs. Furthermore, we also derive the generalized Isgur-Wise
functions ξ1 and ξ2 under the heavy quark limit. We find that ξ1(ω = 1) = 1 is consistent with
the normalization condition, but ξ2(ω = 1) is slightly lower than 1/2 which was predicted
by large Nc theory. Our analysis indicates that the deviation is due to the non-zero mass
of the light constituents in hadrons (meson and baryon). With the form factors derived in
terms of the LFQM or the Isgur-Wise functions we evaluate the semi-leptonic decay rates
of Σb → Σc with and without taking the heavy quark limit. The results with and without
heavy quark limit do not decline much from each other, moreover, our numerical results of
the rates are generally consistent with that estimated by different approaches. However, it
is interesting to note that for the transverse polarization asymmetry PL, there is an obvious
discrepancy between our results and those by other approaches. Moreover, in terms of SU(3)
symmetry of light quarks we estimate the rates Ωb → Ωc which is approximately equal to
those of Σb → Σc.
Since the LHCb is running successfully and a remarkable amount of data on Σb and Ωb
production and decay is being accumulated, especially by the LHCb detector, thus we have
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all confidence that in near future (maybe not next year, but anyhow won’t be too far away),
their decay rates and even the asymmetries would be more accurately measured, and we will
have a great opportunity to testify our models.
Now let us estimate the feasibility of observing the decay process Σb → Σclνl. Firstly,
we use the code PYTHIA8.1 to calculate the production cross section of Σ+b via pp→ bb¯→
Σ+b + X . By the PYTHIA8.1[32–34], 100000 bb¯ pairs are generated at the ECM = 7TeV.
Then NΣ+
b
= 354 are produced and the corresponding production cross section is σΣ+
b
≈
354/100000 = 3.54× 10−3σbb¯. In 2011, the integrated luminosity of the LHCb is 1 fb−1[35]
and the production cross section of the bb¯ pairs is σbb¯ = 288µb[36], so our estimate is that
about 1.02× 109 Σ+b exist in the 2011 data.
Because the LHCb detector is good at tracking the charged particles, such as p+, K±
and π± and charged leptons, we suggest the decay chain used to find the Σb’s semileptonic
decay is that: Σ+b → Σ0cµ+νµ, Σ0c → Λ+c π− (the branching ratio is ΓΛ+c pi−/ΓΣc ≈ 100%) and
Λ+c → pK+π− (the branching ratio is ΓpK+pi−/ΓΛc ≈ 5%). So, the measurable number of
this decay chain is:
NΣb = 1.02× 109 ×
ΓΣcµνµ
ΓΣb
× 100%× 5%× ǫtrig × ǫθ, (26)
where, ΓΣcµνµ/ΓΣb stands for the branching ratio of Σb’s semi-leptonic decay, the ǫtrig is the
efficiency of the detection trigger and ǫθ ≈ 20% is the efficiency of the detector’s geometric
acceptance[37]. Without losing generality, we set ǫtrig = 88% here (also given in [37]). The
decay width of Σb is not known yet. Since QCD is flavor-blind, thus we have reason to
believe that considering the phase space of final state the decay width of the Σb should be
related to that of ΓΛb, ΓΛc and ΓΣc as:
ΓΣb = ΓΛb
ΓΣc
ΓΛc
= 4.81× 1010( in unit1010s−1). (27)
Substituting all these values back into Eq.(26) ( ΓΣcµνµ = 1.38 × 1010s−1 can be found in
Tab-III), we have the number of signals of Σb → Σc + lν¯:
NΣb = 1.87× 10−4
ΓΣcµνµ
1010s−1
= 2.58× 10−4. (28)
If the luminosity of LHCb is not increased greatly in the future to avoid the high level pile-
up, we conclude that, since the strong decay Σb → Λbπ dominates and the lifetime of Σb is
determined by the mode, the branching ratio of the weak decay is significantly suppressed,
it would be hard to directly observe the signals of semileptonic decays of Σb. Since the signal
of the semileptonic decays of Σb is clear and related to new physics, so that is worth careful
investigation at LHCb, even though it is almost impossible to be measured for the present
luminosity if only SM applies. Thus, as analyzed above, we would recommend to measure
Ωb → Ωc transitions because Ωb does not decay via strong interaction, so Ωb → Ωc + lν¯
and Ωb → Ωc +M would be the dominant modes. It enables us to make a more precise
measurement by which we can not only further investigate the validity of the diquark picture
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for heavy baryons, but also create an opportunity to search for new physics beyond the SM,
at least check if the new physics scenario shows up in such transitions. We also suggest to
measure the quantities such as the asymmetries besides the widths, because of the obvious
advantages about our models and physics.
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Appendix A: Semi-leptonic decays of Σb → Σclν¯l
The helicity amplitudes are related to the form factors for Σb → Σc through the following
expressions [38]
HV1
2
,0 =
√
Q−√
q2
(
(MΣb +MΣc) f1 −
q2
MΣb
f2
)
,
HV1
2
,1 =
√
2Q−
(
−f1 + MΣb +MΣc
MΣb
f2
)
,
HA1
2
,0 =
√
Q+√
q2
(
(MΣb −MΣc) g1 +
q2
MΣb
g2
)
,
HA1
2
,1 =
√
2Q+
(
−g1 − MΣb −MΣc
MΣb
g2
)
. (A1)
where Q± = 2(P · P ′±MΣbMΣc). The amplitudes for the negative helicities are obtained in
terms of the relation
HV,A−λ′−λW = ±HV,Aλ′,λW , (A2)
where the upper (lower) sign corresponds to V(A). The helicity amplitudes are
Hλ′,λW = H
V
λ′,λW
−HAλ′,λW . (A3)
The helicities of the W -boson λW can be either 0 or 1, which correspond to the longitudi-
nal and transverse polarizations, respectively. The longitudinally (L) and transversely (T)
polarized rates are respectively[38]
dΓL
dω
=
G2F |Vcb|2
(2π)3
q2 pc MΣc
12MΣb
[
|H 1
2
,0|2 + |H− 1
2
,0|2
]
,
dΓT
dω
=
G2F |Vcb|2
(2π)3
q2 pc MΣc
12MΣb
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
]
. (A4)
where pc is the momentum of Σc in the reset frame of Σb.
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The integrated longitudinal and transverse asymmetries defined as
aL =
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 − |H− 1
2
,0|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2
] ,
aT =
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,1|2 − |H− 1
2
,−1|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
] . (A5)
The ratio of the longitudinal to transverse decay rates R is defined by
R =
ΓL
ΓT
=
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
] , (A6)
and the longitudinal Σc polarization asymmetry PL is given as
PL =
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 − |H− 1
2
,0|2 + |H 1
2
,1|2 − |H− 1
2
,−1|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2 + |H 1
2
,1|2 + |H− 1
2
,−1|2
] . (A7)
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